identical to other previously described scavenger receptors has not yet been excluded .
In this report, we describe competition and crosscompetition experiments between AGE-modified protein and a variety of previously described scavenger receptor fgands . Furthermore, the specific pattern of AGE-protein receptor inhibition by the polyanionic compounds polyinosinic acid, polyadenylic acid, polyglutamic acid, polycyticylic acid, fucoidin, and heparin was assessed and compared with that of acetyl-LDL . Similar experiments were performed using proteins modified by the specific AGE, FFI . The data obtained indicate that the macrophage receptor for glucose-modified proteins is distinct from previously described scavenger receptors.
Materials and Methods AGE-BSA was prepared by incubating BSA in 50 mM glucose at 37°C and 4-6 wk, in the presence of protease inhibitors (PMSF, 1 .5 mM ; EDTA, 0.5 mM) and antibiotics (penicillin, 100 U/ml ; gentamicin, 40 mg/ml) as described previously (9) . Aliquots of AGE-BSA were subjected to IEF and SDS-PAGE, and did not show any change in pI or A wt as compared with unmodified BSA . Radioiodination was carried out by the method of Fraker and Speck (16) . FFI-BSA and FFI-LDL were prepared by covalently coupling FFI-hexanoic acid to BSA or freshly prepared human LDL using water soluble carbodiimide, as described in detail previously (10, 17) . Formaldehyde-treated albumin was prepared by dissolving BSA in 0 .45 M sodium carbonate (pH 10 .0), followed by centrifugation and the addition of formaldehyde solution (37% wt/vol) dropwise with stirring, as previously reported (18) . After incubation at 37'C for I h, the solution was dialyzed overnight against 0 .15 M NaCl, and then against distilled water at 4°C . After centrifugation at 20,000 g for 30 min at VC, C, the supernatant was ready for use . LDL was prepared from pooled normolipidemic human serum by density gradient ultracentrifugation in a vertical rotor (19, 20) , and acetylated by repeated partial additions of acetic anhydride (Fischer Scientific Co ., Springfield, NJ) for >1 h at 2°C, followed by dialysis against PBS (5) . In all experiments, the same preparations of AGE-BSA, FFI-BSA, and acetyl-LDL were used . Maleyl-BSA was prepared by dissolving BSA in 0 .2 M Na2 B 4 0 7 . The pH was brought to 8 .5, and the mixture was combined with an excess of solid maleic anhydride (Matheson, Coleman, and Bell, Norwood, OH) as previously described (5), until all acid was liberated, then dialyzed overnight . PBS-BSA and PBS-LDL refer to unmodified BSA and LDL in 0 .1 M PBS .
Mouse peritoneal macrophages were isolated as described before (9) by addition of unlabeled AGE-BSA ( Fig . 1 A) . BSA chemically linked to the specific advanced glycosylation endproduct FFI also supressed AGE-BSA uptake to^-20% of control. This suggests that the AGE receptor recognizes a specific type of AGE structure having important homology with FFI .
In contrast, addition of unlabeled formaldehyde-modified BSA (f-BSA) did not reduce cellular uptake of AGE-BSA ( Fig . 1 A) , even at the highest concentration added (1 .0 mg/ml) . Cellular uptake of AGE-BSA was similarly unaffected by addition of increasing amounts of unmodified LDL. However, when competition experiments were performed using acetyl-LDL and maleyl-BSA, AGE-BSA uptake was suppressed to 23 and 25% of control values, respectively . Acetyl-BSA was totally ineffective in inhibiting AGE-BSA uptake by the cells (data not shown) . The effects of these competitors on cellular degradation of AGE-BSA paralleled those observed with cellular uptake (Fig . 1 B) . Identical competition experiments performed using radiolabeled FFI-BSA in place of AGE-BSA gave identical results for both uptake and degradation (Fig . 2) .
Although these data suggested that cellular uptake of AGE-BSA and uptake of acetyl-LDL and maleyl-BSA might be mediated by the same membrane receptor, it was equally likely that the observed competition reflected nonspecific membrane effects of these strong polyanionic competitors.
To distinguish between these two possibilities, competition experiments were performed using a series of highly negatively charged macromolecules, which included those previously shown (21) to selectively compete with acetyl-LDL for its binding site . The sulfated polysaccharide fucoidin strongly inhibits the binding of acetyl-LDL, for example, while other sulfated polysaccharides, such as heparin and chondroitin sulfate A and C do not. In our experiments, fucoidin also inhibited the cellular binding of both AGE-BSA and FFI-BSA by >75% of control, with >50% inhibition observed at concentrations of 50 Ag/ml (Fig. 3) . However, unlike acetyl-LDL, binding of both AGE-BSA and FFI-BSA was inhibited at least to 50% of control by heparin . Comparison of the effects of a number of other polyanions on AGE-BSA binding to its receptor with those reported for acetyl-LDL revealed additional differences. Although both receptors were inhibited by polyinosinic acid and not by polycytidylic or polyglutamic acid, only binding to the AGE-BSA receptor was inhibited by polyadenylic acid . These results suggested that the AGE-protein receptor, like several other scavenger receptors, is sensitive to the effects of polyanionic compounds. However, the specificity of inhibition by these compounds is distinct from that which has been previously described for receptor-mediated uptake of acetyl-LDL (21), arterial wall cholesteryl-ester/protein complexes (22), #-VLDL (very low-density lipoprotein) (23) , and formaldehyde-albumin (6) .
To further examine the differences between the AGE-protein receptor and the acetyl-LDL receptor, reciprocal crosscompetition experiments were performed in which cellular uptake and degradation of radioiodinated acetyl-LDL was evaluated in the presence of increasing concentrations of either unlabeled AGE-BSA, unlabeled FFI-BSA (Fig. 4) or unlabeled FFI-LDL (not shown) . It was not possible to evaluate AGE-LDL, since the length of incubation time required for AGE formation on proteins (6-8 wk) precluded preparations of nondenatured AGE-LDL. Cellular uptake and degradation of radiolabeled acetyl-LDL was effectively inhibited by addition of unlabeled acetyl-LDL . In con- trast, neither unlabeled AGE-BSA, unlabeled FFI-BSA, nor unlabeled FFI-LDL competed significantly with receptor-mediated uptake or degradation of acetyl-LDL.
Discussion
The studies described in this report demonstrate that the AGE-protein receptor is distinct from the previously described receptor for acetyl-LDL, although the possibility that acetyl-LDL is internalized to some extent by the AGEreceptor, as well as by its own receptor, cannot be excluded.
Negatively charged acetyl-LDL interfered with binding and degradation of AGE-BSA and FFI-BSA . However, the specific pattern of AGE-and FFI-BSA inhibition by polyanionic compounds was distinctly different from that of acetyl-LDL (21) . Furthermore, reciprocal competition experiments showed no inhibition of acetyl-LDL binding and degradation by either AGE-BSA, FFI-BSA, or FFI-LDL .
These findings are consistent with the hypothesis that scavenger receptors are structurally distinct but related entities that show varying degrees of sensitivity to polyanionic compounds . The incubation conditions used in these experiments were selected to accelerate the formation of advanced glycosylation endproducts over a practical experimental period . Since it is the integral of glucose concentration over time that determines the extent of advanced glycosylation endproduct accumulation in vivo, with concentrations of glucose found in plasma (10 mM), this process would occur over a much longer period . That AGE formation does occur in vivo has recently (25) abetic subjects, where an age-dependent linear increase in AGE accumulation was found over a period of years.
The macrophage scavenger receptor for glucose-modified proteins, the specificity of which is defined by these studies, may have a unique biological significance, since it is the first such receptor that recognizes a ligand known to form extensively in vivo (24, 25) . All body proteins investigated to date have been shown to form Schiff base and Amadori product adducts with glucose, in proportion to time and plasma glucose concentration (14) . Although accumulation of these early nonenzymatic glycosylation products does not continue beyond the several weeks necessary to reach chemical equilibrium (26, 27) , Amadori products on long-lived proteins such as collagen give rise over long periods of time to advanced glycosylation endproducts (AGE), which are recognized by the macrophage receptor described in this report (28) . Via the AGE-protein receptor, macrophages would selectively recognize a time-dependent signal of protein modification, and thus degrade only senescent macromolecules . The AGEprotein receptor could, by this mechanism, have an important role in the regulation of extracellular protein turnover .
In vivo, the efficiency of this removal system is not complete, however, since advanced glycosylation products continue to accumulate over an individual's entire lifespan as a function of both chronologic age and plasma glucose (14, 24) . These accumulating AGE form intra-and intermolecular crosslinks (25, (29) (30) (31) , which lead to the reduced elasticity of arteries, heart, and lungs associated with normal aging (31) . Hyperglycemia-induced acceleration of this process may explain the premature degeneration of several tissues that is characteristically seen in long-term diabetes mellitus (32) . In both normal aging and in diabetes, the rate at which aging-associated tissue changes take place may be profoundly affected by genetic and/or environmental factors that alter the efficiency of this receptor-mediated removal process. Increased future understanding of AGE receptor-mediated endocytosis should provide new insight into the common mechanisms underlying normal and diabetes accelerated aging.
Summary
A high-affinity macrophage receptor has been identified that recognizes proteins modified by a common in vivo process, long-term nonenzymatic reaction of glucose with proteins (AGE proteins). This receptor for glucose-modified proteins is now shown to be distinct from previously described scavenger receptors, using competition and crosscompetition experiments between AGE-modified protein and a variety of in vitro-modified scavenger receptor ligands, including unmodified BSA, unmodified low-density lipoproteins (LDL), acetyl-LDL, maleyl-BSA, and formaldehyde-treated BSA. Furthermore, the specific pattern of AGE-protein receptor inhibition by the polyanionic compounds polyinosinic acid, polyadenylic acid, polyglutamic acid, polycytidylic acid, fucoidin, and heparin was distinctly different from that of acetyl-LDL .
By thus selectively recognizing a time-dependent in vivo protein modification, macrophages may preferentially degrade senescent macromolecules, thereby having an important role in the regulation of extracellular protein turnover .
